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ABSTRACT 

Free electron lasers have the promise of producing extremely high-intensity short pulses of 
coherent, monochromatic radiation in the 1-10 keV energy range. For example, the Linac Coherent 
Light Source at Stanford is being designed to produce an output intensity of 2xlOI4 W/crn2 in a 230 fs 
pulse. These sources will open the door to many novel research studies. However, the intense x-ray 
pulses may damage the optical components necessary for studying and controlling the output. At the 
full output intensity, the dose to optical components at normal incidence ranges from 1-10 eV/atom for 
low-2 materials (2<14) at photon energies of 1 keV. It is important to have an understanding of the 
effects of such high doses in order to specify the composition, placement, and orientation of optical 
components, such as mirrors and monochromators. Doses of 10 eV/atom are certainly unacceptable 
since they will lead to ablation of the surface of the optical components. However, i t  is not precisely 
known what the damage thresholds are for the materials being considered for optical components for x- 
ray free electron lasers. In this paper, we present analytic estimates and computational simulations of 
the effects of high-intensity x-ray pulses on materials. We outline guidelines for the maximum dose to 
various materials and discuss implications for the design of optical components. 

keywords: x-ray lasers, free-electron lasers, x-ray optics, computer simulation 

1. INTRODUCTION 

Optical components may be damaged by the extremely high pulsed fluence of x-ray free electron 
lasers (XFELs). In order to design robust optics we need to understand the fundamental damage 
mechanisms and determine the threshold x-ray fluence to cause damage. The mechanisms and 
thresholds depend on the materials and structure of the components and the angle of incidence of the x- 
ray beam. We are interested in several types of optical elements: collimators, attenuators (gas cell or 
foi I ) ,  deflection mirrors, focusing elements (reflection, Fresnel), monochromators (crystal, reflective) 
and beam stops. 

(LCLS), proposed to be built at the Stanford Linear Accelerator Center.' The current design has two 
experimental halls. The near hall extends 30 m to 100 m from the end of the undulator. A second (far) 
ha l l  is proposed beginning at 250 m from the end of the undulator, to allow the beam to expand thus 

Our work is specifically aimed at the design of optics for the Linac Coherent Light Source 
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lesscning thc fluence on the optics. Our main concern is in the near hall. A primary determinant of the 
effect of x rays on materials is the incident fluence (energy/area). The fluence of the unfocused beam 
can be estimated from the electron beam width assuming a coherent gaussian x ray beam.2 Fluences 
expected from the LCLS are shown in Figure 1. The fluence decreases with distance from the undulator 
due to diffraction. The decrease is faster at lower photon energies. 

near the end of the undulator as shown in Figure 2.* The dose represents the average energy per atom 
deposited in the near-surfdce region of a component exposed to a single x-ray laser pulse. The doses 
have been calculated from the fluences as shown in Figure 1 and tabulated x-ray absorption 
coefficients,’ assuming that the absorbed x-ray energy is locally thermalized. This is expected to be 
accurate for all situations except grazing incidence optics in which case electron transport may spread 
out the absorbed energy and lower the dose (see section 5) .  

The nature of the damage problem can be understood by estimating the dose to materials placed 
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Figure 1. Fluence versus photon energy at 
several distances from the LCLS undulator 
exit. The fluence is calculated for a gaussian undulator. 
beam with waist diameter of 33 prn and an 
energy of 2.3 rnJ. 

Figure 2. Dose versus photon energy for several 
low-Z materials, at 15 m from the LCLS 

We focus on the single-pulse dose, since the average power loading of x-ray FELs is generally 
small comparing to existing light sources and the standard methods for removing the time-averaged 
absorbed power can be applied. Since typical binding energies of materials are 1 eV/atom, doses 
approaching this level (say > 0.1 eV/atom) should be viewed as possibly damaging. We see that the 
dose generally decreases with increasing photon energy between 1 and 8 keV, and increases with 
increasing atom number. All of the solid elements may receive doses larger than 0.1 eV near the 
undulator exit, and only the lightest elements have a chance of receiving doses below 1 eV/atom. 



2. FUNDAMENTAL PROCESSES 

2,l  X-ray and electron processes 
To understand the effect of short pulse, high intensity x-ray pulses on matter we start by looking 

at the fundamental x-ray and electron processes, shown in Figure 3. The x rays are absorbed mainly by 
inner-shell photoionization. For light atoms (Z< 30) the core-excited ions relax primarily by Auger 
decay, in which the core hole is filled by an outer shell electron, with the extra energy going to the 
ionization of a second outer shell electron. This leaves the ion with 2 (or more for higher Z elements) 
valence shell holes. The Auger processes take approximately 10 fs. The free electrons then undergo 
slowing by ionization and collisions with free electrons, especially in conductors in which there are 
many free electrons. Thermalization of the photo-ionized and Auger electrons is expected to take 
approximately 20 fs. On much longer timescales (-1 to 10 ps) the electrons will thermalize with the 
ions and neutral atoms in the matei-ial and then finally recombine with the ions. 

e-e slowing down 

Auger ionization 

Figure 3. The fundamental processes of x-ray and electron interaction within materials. 

2.2 Implications of optical lasermatter interaction experiments 

processes which we expect to take place in the x-ray case, once the electrons have slowed down. These 
experiments have measured the time evolution of the free electron density, both thermal and non- 
thermal coupling of electron energy to ions, and the final state of the matter, under illumination at 
various fluences. The group inlEssen has done extensive experiments in silicon? They observe melting 
at :i fluence of about 0.17 J/cm- for 630 nm light in 130 fs pulses. Given the measured absorption 
coefficient, this corresponds to a dose of about 0.64 eV/atom, close to the expected melting dose based 
on the thermodynamics of silicon. They see permanent damage only at higher fluences. The Berkeley 

Recent experiments on optical laser-matter interaction shed light on many of the electron and ion 



z (7roiip has studied the generation of stress waves in InSb with ultrashort pulses.’ They observe non- 
lhermal coupling of the electron energy to the lattice on timescales less than 10 ps, for fluences near thc 
mclting point. They see permanent damage (discoloration) of the material slightly below the melt 
[Iuence of 0.13 eV/atom. The group in San Diego6 did experiments in Ge, in which they obserke non- 
thermal fast melting at rather high doses (4.5 eV/atom). 3 4 1  

These experiments have several implications for understanding intense x-ray laser-matter 
interaction. 1) Thermal (i.e. collisional) coupling of electrons to ions takes place in approximately 10 
ps. Processes such as generation of stress waves and normal melting generally take place after this time. 
2) Non-thermal coupling of the electrons to ions may take place much faster. Most of the observations 
pertaining to this are at high fluences (above melt). 3) Damage is not observed for fluences much less 
than the melt fluence. Many of the time dependent effects associated with few eV electrons are likely to 
be similar to the x-ray case. 

2.3 Energy-time view of processes 

laser-matter interaction experiments leads to a qualitative energy-time picture of the x-ray interaction 
shown in Figure 4. The processes of major concern for the operation of the x-ray optical components 
are outlined with bold lines. They involve motion of the ions since most of the electrons remain 

Combining the fundamental x-ray processes illustrated in Figure 3, and the results of the optical 

attached to ions. 

10 keV 

i 
1 keV 

10 eV 

particle 
energy 

1 eV 

0.1 eV 

auger 
emission 

piZK-1 - 1  -. . .!.- -. 

damage I processes 

1 
slowing 

thermal 
ion motion - 

electron-ion 
thermalization 

duration 
thermal 

1 fs I Ofs 100 fs 1 ps lops 100 ps 1 ns 

time - 
Figure 4. Energy-time plot of processes associated with high intensity x-ray-matter interaction. 



2.4 Damage thresholds 

spallation, the two primary permanent damage mechanisms which we believe will set a maximum 
allowable dose. The melt temperatures and doses are from the Handbook of Chemistry and  physic^,^ 
while the spallation pressures and doses are from the various references listed. The melting doses are in 
the range 1/3 - 1 eV/atom. It is important to note the recent spallation results of Moshe et al.s They 
found that for short stress pulses, which they generated with 80 ps optical laser pulses, the spallation 
thresholds much higher than the typical values derived from long pulse experiments. It appears that 
materials can withstand higher tensile stresses when these are applied only for very short periods of 
time. This is expected to be the case for the FEL x-ray pulses, so that the higher spallation thresholds 
are likely to apply. 

Table 1 summarizes properties of several low-Z materials, and estimated doses for melting and 

ps, short pulse 

Ds, short pulse 

Table. Damage thresholds for low-Z materials 
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3. COMPUTATIONAL MODELING METHODS 

The categorization of the fundamental processes in Figure 4 leads to a natural division of the 
modeling problem into three parts. The first part is to model the fundamental x-ray and high energy 
electron interactions. For this part of the modeling, the Monte Carlo method is preferred. In this 
method, the paths of photons and electron are simulated in a probabilistic manner. A large number of 
initial photons (- 10 to 10 ), and the resultant photoelectrons and secondary electrons are tracked in 
energy, space, and time. This produces a quantitative description of the distribution of the particles and 
ultimately a space and time dependent distribution of dose. To a good approximation we can assume 
that the interaction cross sections for x-rays and electrons are constant during the x-ray pulse, being 
given by the values for cold material. This is valid since the x rays interact mainly with inner shell 
electrons, and the fraction of the atoms with inner shell holes is very small, less than about 0.1% for 
doses less than 1 eV/atom. The high energy electron slowing down is also not altered much by the small 
of amount of ionization that occurs during the pulse. This assumption is expected to be accurate for 
following the electrons down to energies of around 100-200 eV. At this point the interaction cross 
sections are so strong that the electrons are expected to remain localized. 

4 6 



In order to carry the simulation further we require more exact treatment of the electron 
in~crxtion since the detailed structure of the material and the excitation and ionization of the atom 
valcnce shells n i l1  be important. In addition, for certain applications such as crystal diffraction, it is 
important to model the motion of the ions. We suggest that the method of molecular dynamics, 
including electron and ion dynamics, is the best way to model the intermediate energy and timescale 
events shown in Figure 4. Several calculations of optical laser-matter interaction illustrate the value of 
this method." The main goal of molecular dynamics method is to calculate ion motion on a relatively 
short time scale-on the order of the x-ray pulse duration. Both non-thermal and thermal processes may 
cause ion motion. Non-thermal processes are caused by collective electrostatic forces resulting from 
changes in the electron spatial distribution. These are expected when a significant fraction (>lo%) of 
the valence shell electrons are excited or ionized. For very high fluence ultra-short pulse optical 
excitation, non-thermal melting of the lattice can occur on very short time scales (< 200 fs). Thermal 
motion of the ions is caused by electron-ion coupling. Generally the timescale for this process is of 
order 10 ps, so we do not expect much thermal ion motion during the pulse. 

Ultimately thermal ion motion can produce long term damage by mechanisms such as melting, 
spallation, or cracking. These processes can be modeled by hydrodynamic, (i.e. continuum mechanics) 
methods. The hydrodynamic methods can be applied once the electrons thermalize, and can accurately 
describe effects such as the formation of stress waves, and the resultant processes of spallation and shear 
fracture. Several computer programs exist with the capability for relevant hydrodynamic modeling. 

To date we have performed Monte Carlo simulations of the early time x-ray and electron 
processes, and hydrodynamic simulations of the late time thermal processes. We plan to implement 
molecular dynamic simulations in the future. In the next section (54) we discuss the calculation of dose 
for the special case of grazing incidence optics, including Monte Carlo calculations. We then discuss 
hydrodynamic simulations for grazing incidence optics and transmissive diffractive optics in 95. 

4. DOSE TO GRAZING INCIDENCE OPTICS 

Grazing incidence mirrors can be used for filtering, redirecting andor focusing the x-ray beam. 
They are attractive because they can achieve high reflectivity and low dose. In grazing incidence, the 
penetration of the x rays into the material js quite small so that the transport of photo-electrons may 
lower the dose by spreading it to deeper layers of the material. In this section, we make analytic 
estimates of the dose for grazing incidence optics and also illustrate the use of the Monte Carlo method 
for more accurate calculations. 

4.1 Analytic estimate of dose 
An estimate of the energy penetration depth may be made from the following formula: 

where d,, is the x-ray penetration distance, dcoll the electron collisional range and delec the 
electrostatic range of the electrons, set by the charge which may build up in the irradiated layer as a 
large number of electrons attempt to leave the thin layer in short period of time. 

incident from vacuum onto a medium of complex index of refraction: 
The x-ray penetration distance is determined from a solution of Maxwell equations for a wave 



dv = - where p = i i [ s i n 2  I9 - 26 + ,,/(sin2 I9 - 2S)2 + 4p2 1. 
4np ' 

Here A is the photon wavelength, and Sand p are the real and imaginary optical  constant^.^ 
Figure 5 shows the x-ray penetration distance for 1 keV photons for three materials, Be, C and Si. For 
each material, there exists a critical angle given by = d2,  characterizing the x-ray penetration. For 
angles much less than the critical angle, the mirror becomes highly reflective, and the penetration depth 
becomes approximately constant at a value of ~ x I O - ~  pm. The penetration depth rises rapidly as the 
angle increases past the critical value, and becomes proportional to sin(8) at larger angles. 

reflectivity [found from the electromagnetic analysis behind Eq. ( 2 ) ] ,  and a formula for the electron 
collisional range. In calculating the dose we assume that the Auger electrons deposit their energy 
locally, since they have much lower energy (and range) than the photoelectrons. Figure 6 shows the 
dose estimated for low-Z materials 80 m from the end of the LCLS undulator. This position and energy 
are chosen for proposed atomic physics experiments, in which grazing incidence optics will be used to 
filter and focus the x rays. Figure 6a shows the large effect of electron transport in lowering the dose at 
small angles. Figure 6b shows that the expected dose increases with atomic number and with angle 
below the critical value. Above the critical angle, the dose approaches a constant value for each 
material. Angles of around 1 deg appear to produce reasonable doses (<< 1 evilatom). 

The dose for grazing angles may be estimated from the fluence, the angle of incidence, the 
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Figure 5. Penetration depth (normal to the surface) for 1 keV x rays incident at grazing angles. The 
critical angles are 1.52, 1.78, and 1.71 deg for Be, C, and Si, respectively. 
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Figure 6. Dose estimated from x-ray penetration depth and electron range. a) shows dose with and 
withour electron transport for Si, 6b shows dose for Be. C and Si, all inchding eIectron transport. 

4.2 Monte Carlo simulations of dose 
In order to improve upon the dose estimates given above and ultimately to study more 

complicated situations such as multi-layer mirrors, we have begun Monte Carlo calculations. Two 
widely avaiiable programs have been used-FLUKA,12 and Penelope." Figure 7a shows very close 
agreement in the spatial dependence of the dose between the two programs. The Fluka results are 
somewhat smoother since more particles were used (10 vs. 10 for the Penelope results). The fall off in 
the dose towards the surface is due to escaping electrons. In reality, we do not expect such a large 
number of escaping electrons because of the charge build-up. Thus the dose is probably underpredicted 
by the Monte Carlo programs near the surface. In the future we plan to include electrostatic forces to 
account for this effect. Using the Penelope program, we show the spatial dependence of the dose 
expected for the atomic physics experiment mirrors in Figure 7b. The doses predicted here are of the 
same order of magnitude, but somewhat smaller than the analytic estimates given in Figure 6. There are 
two reasons for the difference. First is the escape of electrons present in the Monte Carlo calculations. 
Second is the fact that the Monte Carlo program tracks the Auger electrons, which were assumed to be 
locally stopped in the analytic estimates. Since the escape of electrons is believed to be incorrect in the 
Monte Carlo simulations, the true surface doses are expected to be about 3x10-' and to 5 ~ 1 0 - ~  for 
Be, C and Si, respectively. Since these doses are well below the melting and spallation thresholds listed 
in Table 1, they are not likely to be damaging. 

6 4 
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Figure 7a. The dose calculated by Penelope (solid 
curve) and Fluka (dashed curve) are in good 
agreement. Calculations are for 6 keV photons 
incident on Be at I degree grazing angle. 

Figure 7b. Dose distribution versus depth 
for Be, C and Si. The mirror is 80m from 
the end of the undulator. The x-ray energy 
is 1 keV and the angle of incidence is 1 deg. 

5. HYDRODYNAMIC SIMULATIONS 

5.1 Grazing incidence mirror 
To study the long time (> ps) effects of x-ray heating we have performed hydrodynamic 

simulations, using the LASTEX14 program. Figure 8 shows results for 2 keV photons incident on a Si 
mirror. The calculations are one-dimensional, assuming a very large beam width compared to the 
energy penetration depth. The pulse duration (230 fs) is very short compared to the hydro timescale so 
that initially we see in Fig. Sa only a large temperature rise, up to 5000 "C at the surface. The 
temperature decreases with a 1 ,urn e-folding length into the mirror. The pressure is shown in Fig. 8b at 
times separated by 50 ps, following the pulse. Initially a high pressure is generated. Stress waves are 
launched into the mirror and towards the front surface. The wave directed towards the surface is 
reflected with a reversal in sign, leading to the characteristic bipolar wave seen in the later curves. The 
density in Fig. 9c shows the propagation of the stress wave into the material, as well as the long-lasting 
thermal expansion near the surface. The temperature and density relax by heat conduction away from 
the surface on a much longer timescale, of order 10 ns. The tensile (i.e. negative pressure) component of 
the stress wave may lead to spallation of the material if the magnitude of the tension exceeds the spall 
strength. Based on the 80 kbar short-pulse spa11 strength cited for AI in Table 1, we guess that the peak 
tension of 35 kbar achieved in this case is not large enough to spall the material. However similar 
measurements have not been made in Si. The temperature reached near the surface is well above the 
melting point. Melting will likely lead to ?-dimensional motions (not modeled here) which could cause 
ripples on the surface upon refreezing, before the next pulse. Therefore, we suggest avoiding the melting 
of the surface of optics since the surface may become distorted between pulses. At fluence a few times 
higher, simulations show gas phase ablation of the mirror, clearly an undesirable consequence. 
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2 Figure 5. Hydrodynamic simulation of the response of Si mirror to a fluence of 3 J/cm of 2 keV x rays. 
This produces a surface dose of 1.25 eV/atom 

5.2 Fresnel zone plate 
We have explored the design, construction, and survivability of Fresnel zone plates, which 

diffractively focus x rays on transmission. They can be constructed by sputtering alternating layers of 
two materials onto a rotating wire. Then a piece is sliced out of the cylinder producing a relatively thick 
zone plate, which can be effective for focusing hard x rays. In Figure 9, we show the hydrodynamic 
response expected from a Be-B4C zone plate exposed to 8.3 keV x rays. This optic is designed for a 
warm dense matter experiment on the LCLS. Several approximations have been made in the modeling 
setup. Although an actual optic would have 50-100 zones, we have modeled only 10 in this calculation. 
A l-D slab geometry is assumed, as a good approximation to the thin circular zones. Since the 
penetration depth of the x rays is large (> 1700 pm) compared to thickness of the zone plate (33 pm), we 
have ignored variations in depth. Despite these approximations, we expect the calculations to accurately 
illustrate the nature of the hydrodynamic effects to be expected in a full optic. As seen in Figure 9, a 
differential pressure is immediately set up between the Be and B,C layers, mainly due to their different 
x-ray absorption coefficients. Motion only begins well after the laser pulse, due to the relatively long 
sound-crossing time for the 1/2 pm thick layers. The motion causes pressure oscillations with a period of 
about 140 ps (about 3/4 of a period is shown in Figure 9). The peak pressures are about 1.7 kbar, while 
the peak tensions are 0.6 kbar. We do not expect much damage at these conditions to the internal zones. 
One concern is that the development of tension between the layers may cause them to separate near the 
outer radius of the zone plate, since the inter-layer binding strengths may be much lower than the 
internal strength of either material. This effect can probably be avoided by surrounding the whole zone 
plate in a tamping material of similar composition. 

6. SUMMARY AND FUTURE WORK 

In this paper we first presented the expected fluences and material doses for the LCLS x-ray free 
electron laser. We then summarized the understanding of fundamental x-ray and electron processes and 
the relevant knowledge gained from recent optical laser-matter interaction experiments. This lead to a 
qualitative picture of the energy flow for the interaction of x-ray FEL pulses with matter. According to 



 tic energy flow picture, a scheme for computational modeling of x-ray-matter interaction consisting of 
thrce steps has been proposed. We provided estimates of the damage threshold doses to various low-Z 
mLiterials for the processes of melting and spaltation. We suggest that the process of melting provides a 
iusonable threshold to guide the design of most optical components. 

In order to illustrate the use of computational simulations and to make quantitative statements, we 
have examined several optical components in detail, including grazing incidence mirrors and Fresnel 
zone plates. Both analytical and computational calculations are provided for grazing incidence mirrors. 
We find that by operating below the critical angle, the combination of high reflectivity, large beam 
footprint, and electron transport combine to produce greatly reduced doses. The design for a mirror to 
focus 1 keV x rays for atomic physics experiments has comfortably low dose. Hydrodynamic 
simulations predict fairly high pressures and tensile stresses well after the x ray pulse. However these 
do not appear to be large enough to cause damage. We then discussed the hydrodynamic response of 
Fresnel zone plates, designed to focus 8 x rays for warm-dense matter experiments. 

Future work will concentrate on completing the computational modeling methods, particularly 
by adding the molecular dynamics technique to study possible ion motion and associated changes in x- 
ray diffraction during the x-ray pulse. We will also study special effects on x-ray multi-layer mirrors 
and the problem of stress concentration in structured Fresnel optics. 
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Figure 9. Hydro simulations of a BeB& Fresnel zone plate irradiated by 8.3 keV x rays. Only 10 layers 

are modeled. The absorbed doses are 0.002 and 0.007 eVlatom in the Be and B,C, respectively. Each 
time curve is offset, so that the distance between horizontal lines represents 2 kbar pressure. 
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